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Llntrodnetion 

There  are  many  successes  of  nitrides  in  the  field  of  light  emitting  diodes,  blue  lasers, 
high  mobility  transistors  and  UV  detectors.  The  growth  of  nitrides  by  MOCVD,  which  has 
been  intensively  investigated  in  the  last  decade,  contributed  significantly  to  these  outstanding 
successes.  However,  in  spite  of  this  progress,  the  fundamental  reaction  mechanism  in  the 
MOCVD  growth  of  GaN  and  in  particular  the  incorporation  of  Mg  in  p-type  GaN  are  poorly 

The  deposition  of  epitaxial  GaN  is  traditionally  carried  out  using  mixture  of 
trimethylgallium  (TMG)  and  ammonia  (NH^).  Hydrogen,  besides  nitrogen  is  predominantly 

used  as  the  transport  gas.  Use  of  hydrogen  as  a  transport  gas  and  the  pyrolysis  of  highly 
concentrated  NH3  results  in  a  high  concentration  of  molecular  and  atomic  hydrogen  near  a 

substrate  surface.  Hydrogen  at  the  surface  of  the  growing  film  can  influence  the  structural 
properties  and  the  growth  rate  [1,2].  In  addition  to  that,  a  growth  temperature  of  about  1 000C 
is  higher  than  the  decomposition  temperature  of  metalorganic  compound  Ga(CH  )  and  their 

hydrocarbon  ligands.  This  leads  not  only  to  desired  bond  breaking  between  the  gsllmm  atom 
and  the  methyl  groups  of  the  precursors,  but  also  to  pyrolysis  of  hydrocarbonds  with 
incorporation  of  hydrogen  and  carbon  into  the  GaN  film  [1].  Therefore,  such  complexes  as 
CH,  CH2  and  CB^  may  be  incorporated  in  GaN  layer.  The  role  of  such  defect  complexes  in 
GaN  is  unknown 

Hydrogen  as  an  impurity  plays  important  role  in  many  semiconductors.  The  ability  of 
atomic  hydrogen  to  passivate  or  compensate  both  shallow  and  deep  defects  and  to  influx 
extended  defects  has  a  large  influence  on  optoelectronic  properties  of  semiconductor 
[2J.  It  is  known  that  m  MOCVD  -  grown  p  type  GaN  the  hydrogen,  plays  a  crucial  role.  The 
growth  of  p  type  GaN  is  based  on  doping  with  magnesium.  In  the  MOCVD  this  is  realized  by 
using  bis  -  cyclopentadienylmagnesim  metalorganic.  The  GaN:Mg  grown  with  help  of  this 
metalorganic  is  highly  resistive  which  indicate  that  Mg  acceptors  are  passivated.  It  has  been 
demonstrated  that  the  activation  of  Mg  acceptors  can  be  achieved  by  thermal  annealing  in  the 
temperature  range  600C  *  750C  [4].  Based  on  this  observation  it  was  rer»hiich<»d  that 
hydrogen  passivate  the  Mg  acceptors.  From  theoretical  investigation  of  Mg  -  H  complexes  it 
was  concluded  that  hydrogen  does  not  form  a  bond  to  the  Mg  atom  directly,  but  prefers 
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airtibonding  site  of  one  of  the  nitrogen  neighbors  [5  ]. 

This  report  describes  electrical  and  photoconductive  study  of  high  resistive  GaN:Mg. 
It  describes  also  the  investigation  of  localized  vibrational  modes  in  undoped,  Si  and  Mg  doped 
GaNlayers. , 

2.  Growth  of  GaN  and  GaN:Mg  layers. 

The  growth  of  gall  rum  nitride  has  been  performed  using  modified  Epigress 
atmospheric  pressure  MOCVD  system.  In  the  growth  of  GaN  A1203  substrates  are  used. 

The  growth  of  GaN  is  performed  in  four  steps. 

The  first  step  of  the  growth  is  connected  with  purification  of  the  surface  of  A1203 
substrate.  The  sapphire  substrate  is  annealed  in  the  H2  flow  at  temperature  close  to  1 100C  for 
afewnrinutes- 

After  that,  the  temperature  is  lowered  to  500C  and  a  flow  of  ammonia  and  IMG  is 
introduced.  The  low  temperature  GaN  buffer  layer  of  thickness  close  to  200A  is  grown.  This 
part  of  the  process  completes  the  second  step  of  the  growth. 

In  the  third  step  of  the  growth  the  temperature  is  increased  to  about  1050C  (without 
flow  of  TMG)  to  anneal  buffer  layer  for  about  20  minutes  in  the  flow  of  ammonia.  In  this 
stage  of  the  growth  the  reciystalization  of  the  buffer  layer  takes  place. 

The  fourth  step  of  the  growth  is  connected  with  a  proper  growth  of  the  layer.  The 
temperature  is  kept  dose  to  1050C  and  in  addition  to  flow  of  ammonia  the  flow  of  TMG  is 
introduced.  The  ratio  of  NED  to  TMG  is  kept  dose  to  2000:1.  The  hydrogen  is  used  as  a 
carrier  gas.  The  morphology  of  the  surface  was  mirror  like.  From  previous  investigations  we 
know  that  our  layers  have  gallium  polarity  [6]. 

The  thickness  of  the  grown  GaN  layers  is  ranging  between  1  -  3  pm.  For  n  type  doping 
Si  impurity  -from  silane  (SiH4)  and  for  p  type  doping  Mg  impurity  has  been  used. 

3. Properties  of  GaN:Mg  layers. 

19-3 

As  grown  GaN  layers  heavily  doped  with  Mg  (N=10  cm  )  have  a  very  high 
resistivity  due  to  passivation  of  Mg  acceptors  by  hydrogen.  This  high  resistivity  material  was 
used  to  investigate  the  photoconductive  properties  in  the  UV  region.  Metal  Au/Ni  contacts 
have  been  evaporated  oh  the  surface  of  the  grown  layer. .  The  typical  value  of  dark  current  in 
our  detectors  (under  bias  of  a  few  volts)  was  close  to  1  nA  at  room  temperature.  Contacts 
have  not  been  alloyed  because  alloying  always  lead  to  partial  activation  of  acceptors  in  the 
layer  of  GaN'Mg  and  to  decrease  of  the  resistivity  the  layer.  That  resulted  in  an  increase  dark 
current  to  an  unacceptable  high  leveL 

Measurements  of  thermal  activation  of  conductivity  are  shown  in  Fig.  1.  During  the 
first  measurement  of  an  as  grown  sample  the  current  was  activated  with  energy  1.81  eV,  dose 
to  the  half  of  the  energy  gap  ofGaN.  Thus,  one  may  condude  that  the  investigated  material  is 
intrinsic,  but  the  measured  current  was  significantly  larger  than  that  expected  for  the  intrinsic 
material.  Moreover,  during  cooling  of  the  sample,  it  was  observed  that  the  current  did  not 
follow  results  obtained  during  heating,  but  was  significantly  larger.  In  the  second 
measurement  the  conductivity  was  activated  with  energy  0.38  eV.  Results  obtained  in 
subsequent  measurements  are  similar  to  that  obtained  in  the  second  measurement.  That 
means  that  during  foe  first  measurement,  some  of  Mg  acceptors  were  activated.  This  result 
indicates  that  certain  Mg  -  H  complexes  may  dissociate  at  temperature  close  to  300C  which  is 
much  lower  than  usually  reported  for  activation  of  p-type  conductivity  in  GaNiMg.  This  new 
finding  is  crucial  in  understanding  transport  properties  of  high  resistivity  GaNrMg. 
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Fig.  1.  Thermal  activation  of  current  in  high 
resistivity  GaNlMg. 

The  spectral  sensitivity  of  samples  has  been  investigated  in  the  UV  region  and  the 
representative  one  is  shown  in  Fig  2.  The  intensity  of  incident  light  on  the  pbotodetector  was 
measured  with  an  UV  —  enhanced  Si  photodiode.  The  sensitivity  monotonically  increases  as 
the  wavelength  is  decreased  down  to  300  nm. 
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Fig  2.  Spectral  dependence  of  sensitivity  of 
GaNiMg  photodetector. 
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a  low  vahje^The  detector  has  only  the  virtu*  ofbemg  selectively  s^avTiu  W 

of  the  jtoodetector  is  connected  with  a  laytime 
constant  of  the  order  of  several  minutes.  6 

The  estimated  radiative  recombination  constant  in  GaN  is  equal  to  10*  an/s  [7]. 

Therefore,  even  for  a  very  low  concentration  of  free  earners  of  K^cm*  the  lifetime  office 
ramers  shraild  be  equal  to  1  msec,  which  is  almost  6  orders  of  magnitude  shorter  than  the 

be^^th^^dT^S^  Ga3^:1?&  TbereFor^  “  to  exp&in  ^  contradiction 
between  the  observed  long  lifetime  and  the  expected  radiative  lifetime  one  has  to  postulate  the 

St  °4Tt^  <&***&  ^hich  is  schematically 

shown  Fig-3-  The  presence  of  fluctuations  results  in  spatial  separation  of  electrons  and 

oles,  which  in  turn  reduces  the  recombination  rate  by  many  order  of  magnate.  The 
recombination  takes  place  only  in  small  regions  of  overlap  between  electrons  and  holes 
Thermal  excitation  of  carriers  to  the  regions  of  presence  of  carriers  of  opposite  sign  leads  to 
increase  of  recombination  rate.  Indeed,  a  significant  decrease  of  the  response  time  was 
observed,  when  the  detector  was  heated  up  to  1 50C. 


Kg.  3.  Potential  fluctuations  in  nnaTim^f^ 
GaN  doped  with  Mg. 


shorten1*he  resP°Dse  of*=  GaNJVfg  photodetector,  the  magntade  of 
potential  fluetuatum  must  be  reduced.  Tlenucroscopteori^ofdtefluaukoniSta^ 
and  one  may  postulate  the  following  possibilities: 

L  is  ttet  fee  fluctuations  are  connected  wife  fluctuation  of  Mg  impurity  in 

fee  GaNrMg  kya-.  In  fins  case  lowering  the  Mg  doping  level  may  reduce  fee  fluctuation. 

.  The  second  possibility  is  feat  fluctuations  are  connected  wife  other  than  Mg  impurities.  In 
,  ..Jf56  locakzed  vibrational  mode  (LVM)  spectroscopy  may  be  apply  to  identify 
“SSSST- mS  teCh“qUe  W2Su5edto  traded ze  our  GaN  layers  and  resSSlS 

3'  Sh  Is  m  Present 'm  buffer  layer.  Photocamers  may 

diffiise  to  fee  buffer  layer  and  be  trapped  by  fluctuations  connected  wife  dislocations  and 

®2“  Mfer  layer.  In  such  case  electrical  insulation  of  fee 

active  GaNlMg  layer  from  the  buffer  layer  may  be  required. 
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4 .Local  Vibrational  Mode  Spertroscopy 


Tte  LVMs  qjectroscopy  has  not  been  widely  employed  in  studying  dopants  incorporation 
and  impurities  in  GaN.  The  major  problem  associated  with  the  study  of  the  LVMs  in  GaN  is 
that  tiie  substrate  used  to  grow  GaN  is  sapphire,  which  has  a  very  strong  infrared  absorption 

band  in  the  spectral  r^ion  of 450  -  1500  cm  .  This  band  obscured  many  LVMs  of  simple 
substitutional  impurities.  However,  hydrogen  related  defect  complexes  usually  possess 

LVMs  at  wave  numbers  higher  than  1500  cm  .  Hence,  it  is  possible  to  study  impurity 
incorporation  in  GaN  by  monitoring  the  dopant  -  H  complexes  related  LVMs.  Hydrogen  can 
be  incorporated  into  HX-V  nitrides  during  the  growth  of  the  matenal 

The  localized  vibrational  modes  were  measured  at  77K  using  a  BOMEM  Fourier  - 
transform  infrared  spectrometer  in  Air  Force  Research  Laboratory  Rutland  AFB.  Samples 
which  have  been  tested  were  undoped,  high  resistive  GaN:Mg  and  low  resistive  n-tvoe 
GaN:  Si  as  welL  F 

The  three  spectra  shpwn  in  Fig.  4  were  measured  for  undoped,  GaN:Mg+H  grown  using 
hydrogen  as  earner  gas  and  GaN:Mg+0  using  nitrogen  as  carrier  gas.  Three  distinctive  peaks 

are  observed  at  2851.7,  2922.9,  and  2956.5  cm*1.  The  intensity  offeree  peaks  is  sample 
dependent. 


Such  peaks  were  observed  previously  and  tentatively  assigned  to  the  CH  stretching 
mode,  CH  asymmetric  stretching  mode,  and  CB^  asymmetric  stretching  mode,  respectively 

[8].  The  same  three  peaks  were  found  in  low  resistivity  GaNrSi  as  welL  The  localized 
vibrational  mode  spectra  related  to  C-H  complexes  are  present  in  all  investigated  gawipW  and 
are  not  connected  with  Mg  doping.  Therefore,  potential  fluctuation  present  in  GaN:Mg  are  not 
caused  by  fluctuation  of  CH  complexes.  The  shape  and  the  peak  position  of  these  LVMs 
were  found  to  be  sample  dependent.  The  sample  dependence  was  explained  in  terms  of  local 
strains  generated  from  high  dislocation  densities  inherited  in  GaN  sample  Localized 
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vibrational  modes  associated  with  Si-H  in  GaN:Si  and  Mg-H  complexes  in  GaNrMg  have  not 

been  observed  m  the  current  study.  The  details  of  the  LVMs  investigations  are  described  in 
our  publication  [9j. 

S.Snmmarv 

It  has  been  found  that  the  main  obstacle  on  the  way  of  obtaining  good  GaNMg  UV 
photoconductive  detector,  is  a  long  time  constant  of  the  detector.  The  most  likely  strong 

potential  fluctuations  m  high  resistive  GaNrMg  are  responsible  for  the  long  lifetime  of 
earners. 

One  of  important  results  of  our  research  is  finding  that  annealing  of  GaNrMg  already 
takes  place  at  temperature  dose  to  300C.  That  indicates  that  dissociation  of  some  H-Mg 
complexes  take  place  at  much  lower  temperature  than  it  was  up  to  now  reported 
_  Finally  our  report  describes  measurements  of  LVMs  of  undoped.  Mg  and  Si  doped 

GaN.  ft  has  been  shown  that  CH  complexes  exist  in  MOCVD  grown  GaN  layers 
irrespectively  from  doping.  3 

^Direction  offature  rwMrrh 

•  To  improve  performance  ofUV  photoconductive  detectors  one  has  to  reduce  potential 
fluctuation  present  in  the  GaNrMg  layer.  Two  direction  of  future  research  will  be  made- 

1.  Reduction  of  Mg  doing  level  to  check  if  the  lower  concentration  of  Mg  shorten  the  time 
constant  of  the  detector. 

2.  Elimination  of  possible  electrical  transport  through  highly  defective  buffer  layer  on  the 
sappbire/GaN  interface.  That  can  be  achieved  by  growing  a  second  AIN  buffer  layer 
(afier  ^egrowth  of  about  1  jim  of  GaNrMg).  The  second  AIN  buffer  layer  will  isolate  a 
layer  of  GaNrMg  grown  on  top  of  it  from  the  strongly  defected  layer  of  GaN  grown  dose 
to  sapphire  —  GaN  interface, 

?.e^,fbTr  localized  vibrational  modes  due  to  Mg-H  complexes  in  such  higher  quality 
GaNrMg  layer  may  be  made.  H  3 
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f  nnli7P(i  vibrational  modes  of  carbon-hydrogen  complexes  in  metaiorganic  chemical  vapor 
deposition  grown  GaN  on  sapphire  were  studied  using  a  Fourier-transform  infrared  spectroscopy 
■  technique.  Three  distinctive  localized  vibrational  modes  were  observed  around  2850T  2922,  and 
•  2959  cm-1  for  undoped,  Si-,  and  Mg-doped  samples.  These  peaks  are  related  to  CH/CHt-  -and  CH3 
defecc  complexes,  respectively.  However,  the  localized  vibrational  modes  were  not  observed  in 
soraeundoped  samples,  which  is  indicative  of  high  quality  grown  epitaxial  layers.  It  is  also  observed 
that  the  frequencies  and  intensities  of  the  localized  vibrational  modes  are  sample  dependent. 
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The  development  of  IU— V  nitride  semiconductors  and 
.  the  emerging  advances  in  a  broad  range  of  nitride-based 
electronic  and  optoelectronic  devices  have  witnessed  dra¬ 
matic  successes  in  recent  years.  One  of  the  most  important 
aspects  of  recent  investigations  of  IU-V  nitrides  is  the  ability 
to  produce  and  fairly  control  n-  and  p-type  doped  materials. 
Massive  research  efforts  on  devices  have  been  laimched  after 
Amano  etaLx  observed  cathodoluminescence  results  from 
Mg-doped  GaN-  However,  the  dopant  incorporation  remains 
the  subject  of  various  investigations.  The  localized  vibra¬ 
tional  modes  (EVMs)  spectroscopy  is  a  very  powerful  tool  in- 
identifying  impurities  and  dopant  incorporation  in  semicon¬ 
ductors.  This  is  due  to  the  feet  that  tbc  LVMs  spectroscopy  is 
very  sensitive  to  die  atomic  structure  surrounding  a  dopant 
atom,  the  dopant  location,  dislocation  density,  and  strain.  As 
a  typical  example,  the  high-resolution  LVMs  spectrum  of  a  - 
substitutional  acceptor  carbon  in  GaAs  exhibits  a  fine  struc¬ 
ture  due  to  the  Ga  isotopic  effect" 

The  LVMs  spectroscopy  has  not  been  employed  aggres¬ 
sively  in  studying  dopants  incorporation  and  imparities  in 
GaN  and  related  compounds,  One  of  the  major  problems 
associated  with  the  study  of  the  LVMs  in  GaN  is  that  the 
substrate  used  to  grow  GaN  is  sapphire,  which  has  a  very 
strong  infrared  absorption  band  in  the  spectral  region  of 
450-1500  cm-1.  This  band  obscured  many  LVMs  of  simple 
substitutional  impurities  and  dopants  such  as  Mg,  C,  and  Si. 

..  Hydrogen  related  defect  complexes  usually  possess  LVMs  ar 
frequencies  higher  than  1500  cm-1.  Hence,  it  is  possible  to 
study  dopants  incorporation  in  GaN  by  monitoring  the 
dopant-H  complexes  related  LVMs.  As  an  example,  hydro¬ 
gen  can  passivate  Mg,  which  is  an  important  acceptor  in 
GaN.  Hydrogen  can  be  easily  incorporated  into  IU— V  ni¬ 
trides  during  or  after  the  growth  of  the  materials.3  Addition¬ 
ally,  atomic  hydrogen  can  easily  diffuse  into  the  .HI— V  ni¬ 
trides  during  device  processing,  since  most  of  die  chemicals 
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that  come  into  contact  with  die  surface  contain  hydrogen. 

In  this  letter,  we  report  on  the  LVMs  of  carbon-hydrogen  - 

complexes  in  doped  and  undoped  metaiorganic  chemical  va¬ 
por  deposition  (MOCVD)  GaN  grown  on  sapphire  substrate. 

The  C-H  LVMs  were  observed  in  samples  doped  with  Mg, 

Si,  or  contaminated  with  O7  and  in  undoped  samples.  How-  : 
ever,  these  LVMs  were  not  observed  in  undoped  high  quality  ] 
samples  as  judged  by  the  photoluminescence  spectra.  This  .  j 
suggests  that  the  carbon  is  incorporated  during  the  growth  in  I 

the  relatively  lower  quality  samples.  It  is  also  observed  that  j 

the  frequencies  and  the  intensities  of  the  C-H  LVMs  are 
sample  dependent,  perhaps  due  to  die  variation  of  the  dislo¬ 
cation  densities  and  strains  in  the  samples. 

All  the  GaN  samples  tested  in  the  present  investigations 
were  grown  on  sapphire  substrates  by  die  MOCVD  tech¬ 
nique  at  1050  °C.  The  thickness  of  the  GaN  thin  films  ranged  j 

from  I  to  25  pan.  The  localized  vibrational  modes  were  .[ 

measured  at  77  K  using  a  BOMEM  Fourier-transfonn  infra-  | 

red  spectrometer  in  conjunction  with  a  continuous  flow  cry¬ 
ostat.  Many  samples  were  tested,  but  nine  samples  were  se¬ 
lected  for  this  study.  Some  of  their  characteristics  are 
described  in  Table  L  A  special  sample  holder  was  con¬ 
structed  so  that  the  incident  light  from  the  spectrometer 

TABLE  L  Characteristics  of  the  samples  used  In  (tie  present  study.  The  I 
carrier  canceniniiioa  and  mobfiay  were  measured  at  300  K-  The  undoped 
samples  are  u-type  with  a  typical  concentration  of.  ( I  —  8 )  X 10 17  cm”3. 

Carrier  Carrier  concentration  Mobility  (/x) 

Sample  Dopant  Contain manr  «as  (X10L7cnT3)  (cnr/V  s) 


A 

undoped 

h2 

7.0 

53.0 

B 

Mg 

H, 

3.4 

24-0 

D 

Mg 

o2 

Hz 

12:0 

E 

undoped 

oz 

■  n; 

F 

undoped 

h2 

G 

Si 

h2 

12 3 

350 ' 

J 

Si  • 

h2 

6.0 

375 

K 

undoped 

H> 

■  3.0 

tlOO-O 

L 

undoped 

Hi 

03 

150LO 

J 
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FIG.  L  Czrtoo-hydrogen  inrairn-rf  vibrational  mode  speota  of  GaN 
samples  A,  B.  and  D  measured  at  77  K.  Spectra  (a),  (b),  and  (c)  were 
obtained  far  undoped  sample  (A),  Mz-doped  sample  (B).  and  Mj-dopcrf  and 
O,  conorainaied  sample  (D),  respectively.  Hydrogen  was  used  as  a  carrier 
gas  during  growth  for  the  three  samples. 

readied  die  sample  at  the  Brewster’s  angle.  This  configura¬ 
tion  proved  to  be  very  useful  to  avoid  the  interference  pat¬ 
terns  generated  from  the  substrate  as  well  as  from  the  GaN 
ftpirarial  dun  layers.  The  LVMs  were  obscured  by  the  inter¬ 
ference  patterns  m  spectra  collected  at  the  normal  incident 
configuration. 

The  three  spectra  shown  in  Fig.  1  were  measured  for 
samples  A.  B,  and  D  (see  Table  I).  It  is  dear  that  three 
distinctive  peaks  are  observed  at  2851.7, 2922.9,  and  2956.5 
cm-1.  The  intensify  of  the  three  peaks  are  sample  dependent 
The  shapes  of  the  spectra  indicate  that  there  are  contributions 
from  other  LVMs,  especially  around  2900  cm-1,  in  good 
agreement  with  previously  published  results4  for  C-H  LVMs 
in  vapor  phase  epitaxial  GaN:Mg.  Additional  C-H  LVMs 
spectra  are  plotted  in  Fig.  2.  The  spectra  in  Fig.  2  were 
obtained  for  samples  E,  F,  and  G,  which  are  contaminated 
with  Oi  [spectrum  (a)],  undoped  [spectrum  (b)J  and  Si- 
doped  GaN  [spectrum  (c)],  respectively.  Figure  3  shows  a 
spectrum  obtained  for  a  Si-doped  GaN  sample  J.  The  shape 
of  the  spectrum  in  this  figure  is  somewhat  different  than  the 
spectrum  observed  for  the  Si-doped  sample  (G)  in  Fig.  2  [see 
spectrum  (c)] 

Many  of  the  doped  and  undoped  samples  obtained  from 


HG.  2.  Carton-hydrogen,  localized  vibrational  mode  spectra  of  GaN 
samples  E.  F.  and  G  measured  at  77  1C  Spectra,  (a},  (b),  and  (c)  were 
obtained  for  undonerf  hur  Q-  conramriwraT  wnwl »  fP\  nnrfcwwf  cvrw*T» 


HG.  3.  Localized  vibrational  mode  spectrum  of  CH  complexes  in  Si-doped 
sample  (J)  measured  at  77  K.  The  shape  and  the  intensity  of  the  peaks  are 
different  than  the  results  reported  in  Kgs.  I  and  2-- 

different  sources  were  tested  and  found  to  contain  the  C-H  _ 
LVMs.  However,  there  were  a  few  samples  that  do  not  show 
these  LVMs.  An  example  is  shown  Fig.  4,  where  two  spectra 
of  undoped  samples  are  recorded  at  the  normal  incident  con¬ 
figuration.  The  spectra  are  sloped  due  to  the  interference 
from  the  thin  layers.  The  interference  from  the  substrate  in  . 
sample  (IQ  [spectrum  (a)]  was  not  observed  because  the  sub¬ 
strate  backside  was  not  polished.  On  the  other  hand,  the  in¬ 
terference  from  the  substrate  m  sample  (L)  [spectrum  (b)l  is 
not  large  enough  to  cause  any  problems  in  the  spectral  region, 
shown  in  the  figure.  This  may  be  due  to  die  feet  that  the 
substrate  was  polished  at  an  angle  (slighilvjwedged).  It  was 
observed  that  samples  which  do  not  exhibit  C-H  LVMs  (see 
Fig.  4)  possess  the  characteristic  of  narrower  photolumines¬ 
cence  peaks  near  the  band  edge  (free  or  neutral  donor  bound 
ex  chons’  peaks)  as  compared  to  those  of  samples  with  C— H 
LVMs. 

By  careful  inspection  of  Figs.  1—4,  we  observed  that  die 
intensity  and  the  shape  of  the  three  dominant  C— H  LVMs  in 
GaN  are  independent  of  the  dopants,  contaminants,  and  car¬ 
rier  gas.  They  are  observed  in  both  doped  and  undoped 
samples.  However,  undoped  samples  with  narrow  photolu-  ' 
minescence  peaks  near  die  band  edge  do  not  show  the  C— H 
LVMs.  The  full  width  at  half  maximum  of  the  three  peaks 
are  also  sample  independent  Additionally,  die  intensities  of 
the  peaks  axe  independent  of  die  various  dopants  concentra¬ 
tions  in  agreement  with  Brandt  er  aL5  For  example,  spectrum 
(c)  in  Fig.  2  is  obtained  far  a  Si-doped  sample  with  [Si] 
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=  \23X  10is  cm-3,  while  the  spectrum  in  Fig.  3  is  obtained 
for  a  Si-doped  samples  with  [Si]=6.0x  10*'  cm  3-  Yet,  die 
intensities  of  the  peaks  in  Eg.  3  are  larger  than  those  of 
spectrum  (c)  in  Fig-  2.  It  is  tempting  to  explain  this  behavior 
in  terms  of  H  trapping  competition  between  C  and  Si  substi¬ 
tutional  atoms  in  GaN,  but  the  results  from  other  samples  do 
not  support  rtifc  premise. 

The  three  LVM  peaks  in  the  spectra  in  Eg.  1  observed  at 
2851-7, 2922-9,  and  29563  cm'1  where  tentatively  assigned4 
to  the  CH  stretching  mode,  CH2  asymmetric  stretching 
mode,  and  CH3  asymmetric  stretching  mode,  respectively. 
This  assignment  is  based  on  a  comparison  between  the  LVM 
.  measurements  in  GaN  and  the  calculated  C-H  frequencies6 
in  a-Si[  -jCj  :H-  However,  we  noted  that  the  frequencies  of 
the  three  are  sample  dependent  It  was  found  that  the 
CH  frequency  could  vary  in  different  samples  between 
.2847.0  and  2853-0  cm-1,  die  CH2  mode  varies  between 
2910.0  and  2924.0  cm-1,  and  the  CH3  mode  varies  between 
.  2955.0  and  2963.0  cm"1.  The  sample  dependency  of  the 
LVM  frequencies  could  be  explained  as  follows.  The  typical 
•  dislocation  densities  in  GaN  are  about  108— 10°  cm  . 
fWv»,  die  atomic  structures  surrounding  the  C-H  defect 
complexes  are  affected  by  the  dislocations,  which  produce 
local  strains.  The  strains  associated  with  dislocations  are  usu¬ 
ally  sample  dependent.  These  strains  obviously  affect  the 
LVMs  in  a  way  that  their  frequencies  are  sample  dependent. 

It  is  believed  that  the  H  complexes  In  GaN  are  thermally 
more  stable  than  in  other  semiconductor  hosts.7  The  hydro¬ 
gen  and  carbon  in  the  present  samples  are  incorporated  dur- 
mg  growth  since  the  samples  were  not  subject  to  any  other 
processes.  Hydrogen  is  well  known  to  passivate  dopants  and 
impurities  in  semiconductors.  For  example,  the  hole  compen¬ 
sation  and  the  amount  of  incorporated  H  as  a  function  of  Mg 
conceoteasian  in  GaN:Mg  suggest  the  passivation  of  Mg  by 
hydrogen.8*10  However,  the  LVMs  of  Mg-H  complexes  in 
GaN  have  not  been  observed  in  the  present  GaN:Mg 
samples.  On  the  other  hand,  Brandt  et  aL 3  reported  two  LVM 
peaks  in  the  Raman  and  infrared  spectra  around  2168  and 
221 9  cm"1,  which  were  attributed  to  Mg— H  LVMs.  These 
frequencies,  however,  are  not  typical  of  Mg-H  bonds.  * 

■  They  may  be  related  to  Si— H  LVMs.  But  even  with  Si-doped 
“  samples  (see  Table  I  and  Figs.  2  and  3),  LVMs  were  not 
.  observed  in  the  present  investigation  for  either  Mg-H  or 
Si— H  complexes.  ___ 

With  all  samples  (obtained  from  many  sources)  that  , 
were  tested,  only  those  with  high  quality  photoluntinescence 
spectra  do  not  show  the  presence  of  C— H  complexes  related 
LVMs  (see  Hg.  4).  Wc  even  tested,  the  spectromeier  for  any 
piicdhle.  mptarriTnarioTi  of  hydrocarbons  by  running  absor¬ 
bance  spectra  without  samples,  with  sapphire  substrates,  and 
with  GaAs  samples.  It  is  dear,  however,  that  the  intensities 


and  the  line  shape  of  the  LVMs  of  the  C— H  complexes  in 
GaN  arc  sample  dependent.  Additionally,  carbon  incorpora¬ 
tion  and  the  formation  of  C-H  complexes  have  proven  to  be 
difficult  for  one  to  reach  a  concrete  conclusion.  Thus,  further 
5fiidies  are  needed  to  control  doping  and  H  passivation  in 
GaN. 

In  conclusion,  we  presented  localized  vibrational  mode 
spectra,  related  to  C— H  complexes  in  MOCVD  GaN.  The 
C— H  localized  vibrational  modes  were  observed  in  undoped. 
Si-  and  Mg-doped  GaN.  The  shape  and  the  peak  positions  of 
these  LVMs  were  found  to  be  sample  dependent.  The  sample 
dependency  was  explained  in  terms  of  local  strains  generated 
from  the  high  dislocation  densities  inherited  in  GaN  samples. 
The  C-H  LVMs,  however,  were  not  observed  in  samples 
thm  exhibit  photoluminescence  spectra,  with  narrow  band 
edge  Three  distinctive  LVM  peaks  observed  around  at 
2851, 2922,  and  2956  cm-1  where  assigned  to  CH,  CH2,  and 
CH3  stretching  modes,  respectively.  The  CHi  asymmetric 
frequency  mode  was  found  to  vary  the  most  in  various  doped 
and  undoped  samples.  Localized  vibrational  modes  associ¬ 
ated  with  Si-  and  Mg-doped  GaN  were  not  observed  in  the 
current  study.  Additional  LVM  investigation  is  needed  to 
understand  the  dopant  incorporation  and  H  passivation  in  HI 
nitrides. 
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